We report the growth, structure and characterization of BaZnGa, identifying it as the sole known ternary compound in the Ba-Zn-Ga system. Single crystals of BaZnGa can be grown out of excess Ba-Zn and adopt a tI36 structure type. There are three unique Ba sites and three M = Zn/Ga sites. Using DFT calculations we can argue that whereas one of these three M sites is probably solely occupied by Ga, the other two M sites, most likely, have mixed Zn/Ga occupancy. Temperature dependent resistivity and magnetization measurements suggest that BaZnGa is a poor metal with no electronic or magnetic phase transitions between 1.8 K and 300 K.
I. INTRODUCTION
Poorly explored binary and ternary phase diagrams offer promising regions for the discovery of new materials. Over the past several years, exploration of the Pt-Sn, ScZn and R-Cd (R = rare earth) binary phase diagrams has led to the discovery of novel properties in PtSn 4 ,
1,2
as well as the discovery of i-ScZn 3 and i-RCd 4 icosahedral quasicrystals. Similar exploration of the R-Fe-Zn and FeLi-N ternary phase spaces led to finding exceptional correlated electron effects in the RFe 2 Zn 20 materials 5, 6 and Fe-based local moment anisotropy comparable or greater than that found in rare earth ions. 7 In most of these cases, the ability to work with volatile and/or reactive materials was a key step to being able to access the requisite phase space. Over the past several years we have mastered the handling and use of both Ba (reactive) and Zn (volatile). This opens the exploration of hither-to poorly explored, ternary Ba-Zn-X phase spaces. Herein, we report the discovery and characterization of the only known Ba-Zn-Ga ternary compound, BaZn 1−δ Ga 1+δ or BaZnGa for short.
II. EXPERIMENT
Single crystals of BaZnGa were grown out of a low temperature Ba-Zn eutectic. 8 In order to check the utility of the eutectic and possible reaction between alumina crucible and Ba, we put Ba 0.5 Zn 0.5 into an alumina crucible and sealed in an amorphous silica tube. We heated up to 800 ℃ over 5 hours, kept it there for 12 hours, cooled down to 400 ℃ over 12 hours, and then finally decanted using a centrifuge. 9 All of the material was in a liquid state and passed through an alumina frit. 10 In addition, there was no sign of attack on the alumina crucible by Ba or Zn.
As a next step, Ba, Zn and Ga were placed into a new alumina crucible with an initial stoichiometry of Ba 0.45 Zn 0.45 Ga 0.1 (shown on the ternary phase diagram in Fig.1 ) and sealed in an amorphous silica tube. The ampule was heated up to 800 ℃ over 5 hours, kept there for 5 hours, cooled down to 400 ℃ over 60 hours, and then finally decanted using a centrifuge. The obtained crystals are plate-like (Fig. 1) . The crystals are sensitive to air, so all the sample preparations and handling were done inside a glove-box filled with argon or nitrogen. We also tried two other initial compositions, Ba 0.1 Zn 0.45 Ga 0.45 and Ba 0.1 Zn 0.8 Ga 0.1 . These are also shown on Fig.1 , but neither resulted in any ternary phase growth. Instead they resulted primarily in binary phases of BaGa 4 , and BaZn 13 , respectively.
Single crystal X-ray diffraction intensity data for BaZnGa were collected at room temperature (293 K) using a Bruker SMART APEX II diffractometer (Mo K α radiation, λ = 0.71073Å). (BaZnGa single crystals were examined under microscopy and sealed into capillaries in a glove box.) Data reduction, integration, unit cell refinements, and absorption corrections were done with the aid of programs integrated into the APEX2 software package.
11,12 Space group determination, Fourier Synthesis, and full-matrix least-squares refinements on arXiv:1706.09872v2 [cond-mat.mtrl-sci] 11 Jul 2017 F 2 were carried out with SHELXTL 6.1. 13 The program Superflip 14 was used to yield the initial structural model, in which three independent sites could be assigned to Ba and the remaining three to Ga (or Zn) based on peak intensity and interatomic distances. The occupancy parameter for each site was found to be close to full occupancy (< 1 σ) when separate refinements with unfixed occupancy parameter were tried. However, attempts to refine the Zn/Ga mixture on these three Ga (or Zn) sites were not successful, which is common for systems containing elements with similar scattering powers. Table I gives the crystal data and structure refinement for BaZnGa and Table II lists the refined atomic positions and equivalent isotropic displacement parameters.
Magnetization measurements were performed in a Quantum Design, Magnetic Property Measurement System (MPMS), SQUID magnetometer for H = 10 kOe and 1.8 K≤ T ≤ 300 K. The samples for the magnetization were put into a gel capsule without a well defined orientation. The magnetization data of BaZnGa were obtained by subtracting the background signal of the empty gel capsule from the sample plus gel capule data set. Samples for ac resistivity measurement were prepared in a standard 4-probe geometry. Au wires (12.7 µm diameter) were attached to the crystal using DuPont 4929N silver paint inside the glove box as shown in the inset to Fig. 3 below. The temperature dependent electrical transport measurements were carried out in a Quantum Design Physical Property Measurement System (PPMS) for 1.8 K ≤ T ≤ 300 K.
Elemental analysis was done via Oxford Aztec energy dispersive spectroscopy(EDS) using FEI quanta 250 FEG scanning electron microscope. 
III. RESULTS AND ANALYSIS

A. Crystal structure and composition
Based on our growth and identification, BaZnGa is the only, currently known, ternary phase in the Ba-Zn-Ga system. It crystallizes in a new structural type, with Pearson symbol of tI36. This is distinct from both BaZn 2 (KHg 2 type, oI12) and BaGa 2 (AlB 2 type, hP3) binary compounds. The structure features a packing of double octahedral layers of Zn and Ga at z = 0 and 1/2. These layers are identical but shifted by half unit cell in both the a and b directions and separated by a layer of Ba1 atoms (Fig. 2 (a) ). The Ba2 and Ba3 atoms are located at vacancy centers of four neighboring octahedra, and they form octahedra slightly elongated along the c axis, as indicated by the interatomic distance of Ba3 -Ba3 (4.501Å) and Ba2 -Ba3 (4.647Å). In each double octahedral layer, neighboring (Zn/Ga) octahedra are connected by M3 -M3 inter-cluster bonds in the ab plane and M1 -M1 bonds along c; both are ∼ 2.60Å. In contrast, the intra-cluster bond distances of the octahedra are longer (2.65Å -2.69Å), suggesting more delocalized bonding interactions. Crystal orbital Hamilton Population (COHP) analyses reveal that the inter-cluster bonding interactions are about 2.23 -2.28 eV/bond.mol, i.e. ∼ 30 % larger than those of intra-cluster bonds (1.65 -1.75 eV/bond.mol). The arrangement between the Ba 6 octahedron and its neighboring octahedra (Fig. 2 (b) ) can be viewed as an inversed Perovskite structure with a general formula of ABX 3 , in which the large size cation A is now replaced by the Zn/Ga octahedra and the anion X by Ba, whereas the small size cation B is missing.
Although analysis of the X-ray data cannot shed light onto the Zn/Ga ratio, we were able to perform semi-quantitative composition analysis via EDS. The Ba:Zn:Ga ratio was consistent with 1 : 1 : 1, although it did suggest that there may be more Ga than Zn, i.e. BaZn 1−δ Ga 1+δ .
B. Density Functional Theory
Given that the x-ray scattering strength of Zn and Ga are very close, the occupations of Zn and Ga on 3 Wyckoff sites (two 4e-sites, namely M1 and M2, and 16n-site, namely M3) cannot be resolved by single crystal analysis. First-principles density functional theory (DFT) 15 calculations were performed to investigate the occupancy of Zn and Ga on these 3 sites. In order to allow for an unequal amount of Zn and Ga, one thousand different structures with 8 Zn and 16 Ga atoms scattered randomly on those 3 sites were generated and their corresponding energies were calculated by DFT. The DFT calculations were performed using Vienna Ab − Initio Simulation Package (VASP) 16 with projector-augmented wave pseudopotential method 17, 18 and plane wave basis. The generalized-gradient approximation parameterized by Perdew, Burke, and Ernzerhof 19 was used for the exchange correlation energy functional. The energy cutoff was 360 eV and the Monkhorst-Pack's scheme 20 was used for Brillouin zone sampling with a k-point mesh of 6 × 6 × 2. All low energy structures, with energy window of 0.25 eV/unit cell, which is corresponding to thermal energy of liquid Nitrogen (77 K), were collected for site occupation analysis. We find that the M2 site is fully occupied by Ga in all low-energy structures. The M1 site and M3 site are occupied by both Zn and Ga with average occupations Zn 1.85 Ga 2.15 and Zn 6.15 Ga 9.85 , respectively, which are very close to the totally random occupation of Zn and Ga on these 2 sites: Zn 1.60 Ga 2.40 and Zn 6.40 Ga 9.60 . Therefore, we conclude that the M2 site is likely occupied by Ga only, whereas and M1 and M3 sites are occupied by Ga and Zn randomly. We would like to note here that, amongst the M1, M2 and M3 sites, M2 site has a coordination number of 4, whereas both M1 and M3 have coordination numbers of 5. This distinction of coordination number could be the driving force for the distinct occupation of the M2 site. The very strong predisposition of Ga to occupy the M2 site shown above implies that the M2 site is primarily or fully occupied by Ga in the BaZnGa ternary. Figure 3 presents temperature dependent electrical resistivity, ρ(T ), and magnetic susceptibility, M (T )/H. Not surprisingly, given that the M1 and M3, Zn/Ga sites are likely disordered, the electrical resistivity decreases only slightly from its 2.5 × 10 −4 Ω cm room temperature value upon cooling. The overall behavior of the temperature dependent resistivity is comparable to that of BaFe 2 As 2 above the structural/magnetic transition temperature, which shares the same space group for T > 134 K.
C. Physical properties
21
The magnetic susceptibility also manifests only a modest temperature dependence that can be described as weak Pauli paramagnetism with a low temperature impurity tail. This is similar in size and temperature dependence to YCo 2 Zn 20 22 or non-magnetic quasicrystals.
23
Neither resistivity nor susceptibility data give any indication of phase transitions between 1.8 and 300 K.
IV. CONCLUSION
BaZnGa is a new ternary compound that forms in a new crystal structure (tI36). It has three, unique Ba sites and three M = Zn/Ga sites. Although there is clear chemical disorder on these sites (as supported by the poor metallic behavior of the temperature dependent electrical resistivity) density functional theory analysis suggests that the M2 site is fully occupied by Ga and the M1 and M3 sites have Zn/Ga mixing. Measurements of temperature dependent electrical resistivity and magnetic susceptibility suggest that there are no electronic, magnetic or structural phase transitions for 1.8 K < T < 300 K.
